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Abstract 

The performance of an underlay cognitive (secondary) dual-hop relaying sys¬ 
tem with multiple antennas and hardware impairments at eacli transceiver 
is investigated. In particular, the outage probability of the end-to-end (e2e) 
coinimmicatioii is derived iii closed-form, when either transmit antenna se¬ 
lection with maximum ratio combining (TAS/MRC), or TAS with selection 
combining (TAS/SC) are established in each hop. Simplified asymptotic 
outage expressions are also obtained, winch manifest the diversity and ai'ray 
order of the system, the effectiveness of the balance on the iimnber of trans¬ 
mit/receive antennas, and the impact of hardware impairments to the e2e 
coimmmic at ion. 

Keywords: Cognitive systems, dec ode-and-forward (DF), hardware 
impairments, spectrum sharing, traiLsmit antenna selection (TAS). 


1. Introduction 

Underlay cognitive transmission represents one of the most promising 
spectrmn sharing techniques, where secondary (unlicensed) users utilize the 
spectrmn resources of another primary (licensed) service [T][2]‘ To tills end, 
the transmission power of the cognitive system is limited, such that its in¬ 
terference onto the primary lusers remains below prescribed tolerable levels. 
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However, this dictated constraint dramatically affects the coverage and/or 
capacity of the secondary conininnicatiou. Such a condition can be effec¬ 
tively counteracted with the aid of relayed transmission |^. On the other 
hand, using multiple antennas at each node (and, thus, benefiting from the 
emerged spatial diversity of each transmitted stream) is another effective ap¬ 
proach to enhance the performance of a cognitive system la-ii]- Due to the 
complementary benefits of relayed transmission and spatial diversity gain, 
the performance analysis of these schemes, under the cognitive transmission 
regime, is of prime interest lately (e.g., see [TJEIIS] references therein). 

All the previous research works assumed ideal hardware at the transmit¬ 
ter and/or receiver end, where the scenario of impaired transceivers (namely, 
non-ideal hardware) was neglected. Nevertheless, thus condition represents 
a rather overoptimistic scenario for practical applications. More specifically, 
the hardware gear of wireless transceivers may be subject to impairments, 
such as I/Q imbalance, phase noise, and high power amplifier nonlinearities 
[S]. Yet, very few research works have analytically investigated the impact 
of hardware impairments. Specifically, the outage probability of one-way 
[H] and two-way [10] dual-hop relayed transmission systems is analytically 
expressed, in the case of single-antenna transceivers and non-cognitive en¬ 
vironments. Nevertheless, a corresponding analysis when multiple antennas 
are employed at each node and/or under a cognitive trans muss ion regime 
lacks from the open technical literature so far. Capitalizing on these ob¬ 
servations, in this paper, the performance of a dual-hop cognitive system 
with multi pie-antennas and hardware impairments at the transceiver of each 
hop is analytically investigated. Particularly, two popular spatial diversity 
techniques are adopted, namely, transmit antenna selection with maximum 
ratio combining (TAS/MRC), or TAS with selection combining (TAS/SC) 
are establushed in each hop. It is noteworthy that with TAS, the number 
of RF chains required is equal to the number of antennas selected for com¬ 
munication, a rather cost-efficient solution for vaxioius applications. Most 
importantly, even with lower complexity, TAS gives full diversity. Hence, 
it is recently of great importance due to its low feedback demand 
whereas it plays a key role to the uplink of 4G networks [TT]. Also, the 
decode-and-forward (DF) protocol is used for the relayed transmission. 

New closed-form expressions are derived with respect to the outage prob¬ 
ability of the system, which generalize some previously reported results. In 
addition, simplified asymptotic expressions of the outage probability, in the 
high signal transmission regime axe aLso obtained, revealing the diversity 
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and array order of the system, the effectiveness of the balance on the number 
of traiLsmit/receive antennas, and the impact of hardware impairments to 
the end-to-end {e2e) communication. Specifically, it is demoiLstrated that 
the diversity order and the performance difference between TAS/MRC and 
TAS/SC remain unaffected from hardware impairments. 

2. System Model 

Consider an underlay secondary system, where a source node (S) com¬ 
municates with a destination node (D) via an intermediate relay node (R), 
as illiLstrated in Fig. Tlie direct link between S and D is assumed to be 
absent due to strong i)r()pagation attenuation and keeping in mind that the 
transmission power of the underlay system is, in principle, maintained quite 
low. Let 7p, 7s. Tb ^d Th denote the number of antennas at the primary re¬ 
ceivers, S, R and D. respectively. The antennas of each node are sufficiently 
separated from one another (with respect to the transmission wavelength) 
to prevent any channel fading correlation!^ Also, assume identical Rayleigh 
faded channels for the antennas of each node and not necessarily identi¬ 
cal channels from one node to another. Rirthermore. the DF transmission 
protocol is adopted for the dual-hop relayed transmission, which has shown 
very good results in terms of error rates and outage performance [12]. For 
mathematical tract ability, let {AIi^Ni} = {75,7^} for the 1st hop, while 
{M 2 , N 2 } = {Tr, Td] for the 2nd hop. 

Ill the case when signal distortion due to hardware impairments is present 
and TAS is established at the transmitter side, the input-output relation of 
the received signal at the fth transmission hop is given by = p»g£{.Si -h 
ej-J + h- Let {y^, g^. e;?,, v^} € denote vectors for the received 

signal, the channel fading, the distortion noise to the received signal, and the 
additive white Gaiussian noise (AWGN) of the ith hop, respectively. More¬ 
over, Pi, Si and St, (scalar values) correspond to the transmission power, the 
transmitted signal and the distortion noise to the transmitted signal of the 
ith hop, respectively. Notice that ~ CA^(0, AoIjvJ. ~ CA/’(0,PiK^.) 
and 6/?, ~ CA/{Q, Kr |n|, [IS]. Also, kt, and kr^ represent certain 

parameters describing the imderlying distortion noise at the transmitter and 
receiver, respectively, Nq is the power spectral density of AWGN, while I„ 


^The presented results can serve as upper performance bounds for the more general 
cane of correlated fading. 
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Figure 1: The considered system configuration and the channel fading gains which are 
refiected at the primary receivers, relay and secondary receiver. 


stands for the n-sized identity matrix. Further, assume that the hardware 
quality of each antenna is identical for the same device, i.e., there is an equal 
distortion noise variance per antenna for each node, wliile this variance is per¬ 
fectly known at the receiver side (e.g., through pilot or feedback signaling). 
In principle, channel state information (CSI) of the links between the pri¬ 
mary and secondary nodes can be obtained through a feedback channel from 
the primary service or through a band manager that mediates the exchange 
of information between the primary and secondary networks [HE]. 

Hence, the received signal-to-noise-and-distortion ratio (SNDR) at the 
ith hop reads as B Eq. (6)] 


SNDRi 


PiX, 

[piK^Xi) + Ui' 




( 1 ) 


where rii = + No and Xt is the channel fading gain of the desired signal, 

which differs according to the adopted reception strategy (which is analyzed 
in the next section). Notice that pi can not exceed the predefined interfering 
power threshold to the primary receiver (the so-called interference temper¬ 
ature), such that Pi = mill {p^^,Wi/h^}, where Wi and pmax denote the 


4 















aggregated channel fading gain between the secondary transmitter (S or R, 
depending on the hop) and the primary receiver (i.e., hf = the 

tolerable interfering power threshold and the maximum achievable transmis¬ 
sion power, respectively. Hence, (j^ becomes 


SNDR, 


■ 


Pm*x 



pD&X ^ 


tUl 


( 2 ) 


3. Performance Analysis 


We start by defining the cumulative distribution fiuiction (CDF) of SNDR 
at the ith hop, namely Fsndr,( )‘ Based on (j^. we have that Psndr, ( 7 ) = 
/o^ P'sNDR.\h^il\fi)fh-^Wdlu yielding 


■Psndr.(7) = Fx, 


na 


.;)max(l - Kr,7) 


+ 


r F 



TiiTp, 


li'. 


Pmckxyi 


r(rp) 


nrp)yf 


dh. 


(3) 


where r(,) and ri,(.,.) are the Euler's Gamma function [TH Eq. (8.310.1)] 
and the lower incomplete Gamma function [21 Eq. (8.350.1)], respectively. 
Moreover, exp (—/i/yj/(r(7p)yp') is the probability density 

function (PDF) of hj with representing the average channel fading gain 
of ) is the CDF of Xi, and Pr[.] stands for the probability operator. 

Also. (|^ is obtained utilizing [m Eq. (3.351.1)] and using the fact that A, 
and are mutually independent random variables. Notice that the condition 

< 1/7 should be satisfied, which is usually the case in most practical 
scenarios, since typical values of ACp lie in the range of [0.08.0.175] [T5]. 

Meanwhile, the desired signal power is expressed 


Xi = 



A/i 

j=l 


^The clear-optimal scheme would operate with respect to SNDR |3]. Herein, we consider 
the snboptimai (yet more efficient in terms of signaling overhead) scheme operating with 
respect to the channel gains of the desired signal, 
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for TAS/MRC or 


f N 

Xi = \ maxxp^ > 

L J 

for TAS/SC, where represents the cliannel power fading gain of tlie 
desired signal from the Jth transmit to the /th receive antenna at tlie rth 
hop. 


3.1. Prelimmary Statistics 

In the case of TAS/MRC, the CDF of Xi yields as 


/— \ \ M, 


= Z{Mi, Ni]{z/xi)'‘'exp ■ 2 > 0 , 


(4) 


where rt;(.,.) denotes the upper incomplete Gamma fimction (TH Eq. (8.350.2)], 
while 


k- Pi /A/v, w.., 

pi =0 P2-0 PJV. -1=0 

^^.-1 r 


M-l* 




(5) 


and (j> = PK — 0’ Po = the closed-form derivation of 

Q. first [131 Fqs. (8.352.4), (1.111)] and then Eq. (A.3)] are utilized. 

Ill the case of TAS/SC, the CDF of Xi is given in this case by 



Notably, the latter expression can be directly obtained from by setting 
E(i\/^,A^^) = (p = 0. Thus, in the rest of this pa¬ 

per. Q will be iLsed to denote both the TAS/MRC and TAS/SC scenarios, 
correspondingly. 


6 









S.2. Outage Probability of the e2e Communicaiion 

Using Q in ([^, invoking [El Eq. (3.381.3)] and after some algebra, the 
closed-form CDF of SNDR for the ?'th hop is expressed as 


FsNDa,(7)=H(M,iV0 


71^7 


(1 - 




T{Tp)A 


ax 


X 


expf- 

* I pmax(l— 


I ‘^+Tp, 




P7Dax(l-«7* ^)s, PmaxPj 


r(Tp)5jPu>f 


7)Zt 


<t>+Tp 




( 6 ) 


Moreover, the only special functions within ([^, i.e.. r£(.,.) and rt/(.,.), can 
be easily converted into finite sum series of elementary functions, according 
to [El Eq. (8.352.4)], although omitted herein for ease of presentation. It 
is noteworthy that (j^ coincides with |11 Eq. (7)], when = 1 and kt, = 
=0 (i.e., ideal hardware). 

The outage probability is defined as the probability that the e2e SNDR. 
i.e.. SNDRe2ei f^dls below a certain threshold value, namely 7th, such that 

•Pout (7th) = Pr [SNDR^ 2 e < 7th]- It is straightforward to show that P^ut (7th) - 

Fe2e(7th), where Fe2fi{0 is the CDF of SNDR^2e, which is obtained as 


•fe2e(7th) = -fsNDRi(7th) + •fsNDR2(7th) “ -^SNORi (7th)-fsNDR2 (7th) ^ 
since SNDRe2e = min [SNDRi, SNDR2] [E]. 


5.5. Special Case: Outage Probability of the eSe Communication for Single- 
Antenna Systems 

In the case when all the nodes are equipped with single-antennas. ) 

and /h2(.) reduce to the classical exponential CDF/PDF. Thus, keeping 
in mind that Fe2e( ) can be alternatively derived as i^;2e(7ih) = 1 — (1 — 
FsNDnx(7tii))(l - FsNDii2(7th)), outage probability simplifies to 

/ 2 \ 


Pout(7th) =1 - exp ( - ^- Tthth—I 

\ A«ax(l-7thK?)a:iy 


xR 


7thj/t'^i + i"iSt(l-7th«i) 


(7) 
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Notice that when there is no transmission power constraint (i.e., pi = Pmax)> 
0 reduces to [3 Eq. (31)]. 

3.4- Asymptotic Analysis 

The previoiLsiy derived expressions are exact; albeit they admit a more 
amenable formulation in the high SNDR regime. 


3 - 4 -^- Pmai ^ CO 

In the asymptotically high SNDR regime, while utilizing [HI Eq. (3.381.4)], 
0 becomes (for both TAS/MRC and TAS/SC) 


f^SNDR,|proax-^l»(T) 

^0 





yielding 




r((^+rp) 


E 


SNDRJpn»ax^« 


( 7 ) 




\ t^Tp 

+ A 1 jEp 

Wt{i-K^ 7)T, ~ Vt J 


( 8 ) 


3.4-S. TAS/MRC when pmaii Xi—> 00 

In this case, both the maximum available transmission power and the 
fading gain of the desired channel are asymptotically high (e.g., very low 
propagation attenuation). Recognizing that rt/(a,x) % r{a) — x^/a as x ^ 
0“^ [m Eq. (8.354.2)], 0 is efficiently approached by 


NtMi 


Ui'y 




•^SNDR, \paiax,Xt-*OCi 


( 7 ) 


r{NiMi + Tp) 


jvyr(7v,)AAy- 


_-(w.M+rp) 


(9) 


3.4-3. TAS/SC when Pmax^^i ^ 

Following similar lines of reasoning as in the TAS/MRC scenario, we have 




:t 


E SNDR, (7 ) 


y)Si 


r[NM-^Tp 


-{NM^Tp) 

i/i 


( 10 ) 


In the above cases, outage probability of the e2e SNDR is approximated 
by FlDut|pm«,x*-»oo{7lh) ^ f^SNDRi(7th) d" -^SNORy (7th)- 
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Remark 1: Since P^ui ^ for both the TAS/MRC and TAS/SC sce¬ 

narios, it is straightforward to show that tlie diversity order of the system 
remains min {7s7r. 7r7d}^ it is maximized when equal number of antennas 
are used for transmission and reception, and it is not affected by the impact 
of hardware impairments]^ 

The performance difference between the two diversity techniques is high¬ 
lighted in the underlying array order (or coding gain). For identical channel 
fading statistics of each hop, we have that kxi = ^r 2 — 
m = ns = n (thus, and = JVqJ, y^ = y 2 =y and = x. 

Thus, the array order of the dual-hop system can be expressed as 


Ai-ray Order(xAS/sc) 


2w[l - 

I Tp 

nqth?/ 

X r[mm{%rR.TRrD} 


and 


Array Orderj^As/MRC) =Array Orderj^As/sc) 

X (r (min {Tn, To}) min {Tr. . 

Remark 2: The impact of hardware impairments is manifested in the array 
order of the system, for both diversity scenarios, as expected. Interestingly, 
the performance gain of the array order for TAS/MRC as compared with 

TAS/SC is oc (F (min 7b}) min {7 r, thereby it remains 

unaffected from hardware impairments (i.e., independent from /c). 

4. Numerical Results and Discussion 

In this section, the theoretical results ai'e presented and compared with 
Monte-Carlo simulations. For ease of tractability and without loss of gener¬ 
ality, we assume symmetric levels of impairments at the transceiver, i.e., an 
equal hardware quality at the transmitter and roceivcij^ of each node, i.e.. 


‘^This is the clai«>icii] diversity order of cognitive systenw without hardware impairments 

i- 

“^This is the most efficient solution in terms of performance improvement at the 
transceiver, as indicated in [HI lin|. 
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Figure 2: Outage probability of the considered cognitive system vs. various signal tr^ins- 
mLssion power regions, when 7p = 2, 7 tb = 3dB. y = IdB. and x = 4dB. 



Figure 3: Outage probability vs. vfirious channel power fading gain regions, where each 
secondary node is equipped with 2 antennas “ 2)* Also, Tp = i, 

= w = 6dB, Pinax = lOdB and y = IdB. 
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Figure 4: Outage probability vs. vfirioiis signal transmission power regions, when 7p = 1, 
7 th = w = 8dB and y = x = IdB and when = -^{ 1 , 2 } = 2 (i.e., 2 x 2) or 

•^^{1,2} = ^{1,2} = 8 (i.e., 8 X 8). 

k(=K 7 - = Kji). Also, assume identical statistics for each hop, e.g., n.y and 
ir. 

Notably, one may observe from Fig. [^that it is preferable to enable mul¬ 
tiple antennas with non-ideal (e.g., low cost) transceivers rather tlian single¬ 
antenna transceivers with ideal hardware. Hence, spatial diversity seems to 
overcome hardware impairments at the transceiver, even if the rather sul>- 
optimal SC (as compared to the performance of TAS/SC or TAS/MRC) 
scenario is used. ALso, the value of interference threshold plays an impor¬ 
tant role to the outage probability, since it dramatically affects the floor on 
outage occurrence. The performance of a typical zero forcing (ZF) detection 
scheme is also presented for cross-comp arisen reasons. It can be seen that ZF 
is inferior to TAS/SC and SC schemes due to the reduced spatial diversity 
gain. 

Moreover, the tightness of the asymptotic curves in moderately medium- 
to-high channel power gain regions is depicted in Fig. ^ It can be readily 
seen that the diversity orders of the considered schemes remain imaffected 
from the impact of hardware impairments. The same argument holds for the 
performance difference between these schemes. Finally, the superiority of 
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TAS/MRC against TAS/SC, in both cases of ideal and non-ideal hardware, 
is verified in Fig. ^ Obviously, the impact of hardware impairments plays a 
key role to the overall performance of both schemes, regardless of the number 
of transmit/receive antennas. 

5. Conclusion 

Current study provides some new results satisfying performance require¬ 
ments of practical cognitive multiple-antenna DF relaying systems with non¬ 
ideal hardware; a) New straightforward and exact closed-form outage perfor¬ 
mance expressions are derived; b) The selection of equal number of antennas 
at the transceiver of each link is the most optimal solution regardless of 
the amount of hardware impairments; and c) TAS/MRC always outperforms 
TAS/SC, while such a performance difference is irrespective of hardware 
quality. 
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